HAFNIUM is element number 72. It resides in group IVA of the periodic table with titanium and zirconium. Hafnium is always associated with zirconium in minerals such as zircon and baddeleyite, usually in the range of 1 to 5%. The chemical similarity between hafnium and zirconium is more pronounced than between any other two elements in the periodic table, except the inert gases. This similarity in chemistry of hafnium and zirconium makes separation extremely difficult. Along with zirconium, hafnium forms intermetallic compounds with most metallic elements, except the alkali metals and some alkaline earths (Ref 1). Hafnium is obtained as a by-product of the extraction process to produce hafnium-free nuclear-grade zirconium. Commercial hafnium typically contains 0.2 to 4.5% Zr. The van Arkel-de Boer (iodine) process is used to obtain hafnium purities of greater than 99.99%. Annual world consumption of hafnium was approximately 60 tons in 2003 ( Ref 2) .
Hafnium was first identified by x-ray analysis in 1923 by Coster and von Hevesy in Copenhagen, Denmark. Von Hevesey and Jantzen were the first to separate hafnium from zirconium by repeated recrystallization of fluoride salts. The name hafnium comes from the Latin name for Copenhagen, which is Hafnia. Van Arkel and de Boer were the first to produce metallic hafnium. Their process of passing hafnium tetraiodide vapor over a heated filament is the basis for the refining process used today to produce higherpurity hafnium metal.
With a standard reduction potential of À1.72 V versus the normal hydrogen electrode at 24 C (75 F), hafnium is more reactive than either titanium (À1.63 V) or zirconium (À1.53 V). This high chemical reactivity allows a thin, tenacious protective oxide layer to form when exposed to most chemical environments. Like other reactive metals, hafnium resists attack by many chemicals as long as this thin oxide layer is not penetrated by reactants. Oxide layers can also be developed by anodizing and by treatment in steam autoclaves and in air at elevated temperatures. The most commonly formed oxide is hafnium dioxide (HfO 2 ). Because of its high melting point of 2222 C (4032 F), hafnium may be considered refractory.
In addition to the inherent corrosion resistance of hafnium, other properties make hafnium useful in chemical equipment. It is relatively easy to form and join, sufficiently strong, ductile, and wear resistant to withstand the abuse of industrial applications. Its coefficient of thermal expansion is approximately 60% lower than that of 304 stainless steel at ambient temperature, and its thermal conductivity is approximately 40% higher at ambient temperature (Ref 3) .
Hafnium appears to be nontoxic. Haygarth and Graham state that "there seems to be no report of the metal, or its alloys with nontoxic constituents, causing physiological reaction" (Ref 3). Like zirconium, dissolved hafnium ions are colorless-an important attribute for some applications.
Production
Because hafnium is always associated with zirconium, two main processes have been used to separate hafnium from zirconium. A European producer uses an extractive distillation process, while in the United States a liquid-liquid extraction is the preferred method. Two primary operational methods of metal production are also possible. The Kroll process is the primary reduction process used in the United States, while in Europe an electrowinning process is preferred. Ullman gives a detailed description for each of these processes (Ref 4) .
Highest-purity metal is obtained by using the van Arkel-de Boer process, also known as the iodine bar or crystal bar process. In this process, hafnium sponge produced by the Kroll process is loaded into a cylindrical Ni-Cr-Fe vessel. The vessel lid contains insulated electrical lines from which a hafnium wire filament, in a hairpin shape, is suspended. Iodine is added to the vessel, which is then evacuated and heated to vaporize the iodine. Volatile hafnium tetraiodide forms and diffuses to the central hafnium filament, which is resistance heated to 1200 to 1500 C (2200 to 2700 F). The tetraiodide thermally dissociates at the hot filament, depositing hafnium and releasing iodine to react again with the sponge feed. This cycle continues until the efficiency diminishes ( Ref 4, 5) . Under conditions optimized for hafnium transfer, interstitial impurities such as oxygen, carbon, and nitrogen are left behind, along with some of the impurity metals. Electron beam melting is also effective in purifying hafnium. In this process, hafnium is slowly double-melted under high vacuum. This process removes impurities having partial pressures at the surface of the melt greater than the vapor pressure of hafnium, which is approximately 0.1 Pa (0.75 mm Hg) at 2500 K (4040 F). The more volatile metallic impurities, such as iron, manganese, and aluminum, along with chlorine, are moved. Only the highermelting-point metals, such as tantalum and tungsten, are not removed. To get the highest purity possible, the van Arkel-de Boer process and electron beam melting are used in sequence.
The United States Government allows the export of high-hafnium (0.2% or greater) commercial-grade (nonnuclear) zirconium (UNS R60702) to most countries. This level of hafnium content prevents commercial-grade zirconium from being modified for use in nuclear production facilities. This requirement limits the amount of hafnium metal available for other uses.
Physical and Mechanical Properties of Hafnium
Hafnium is often considered for the same applications as zirconium, because of their very similar physical and chemical characteristics. In fact, Clark (Ref 1) states that other than the higher transition temperatures (a ! b) for hafnium, the only other chemical and physical property showing a major difference between these elements is the density. Both zirconium and hafnium exhibit anisotropy; their mechanical properties depend on the direction in which they are measured. Table 1 gives the physical properties of hafnium, while Table 2 gives the mechanical properties.
Chemical Properties. The ionic radii of zirconium and hafnium are almost identical, due to the lanthanide contraction. This results in very similar chemical properties between the two metals. As a result, a review of the chemical behavior of zirconium can be a useful indicator of the chemical behavior of hafnium (Ref 4).
Specifications and Standards.
Hafnium comes in two grades: grade R1 for nuclear applications (low zirconium) and grade R3 for commercial applications and alloying. Higherquality material can be produced by the crystal bar process. Grade R3 hafnium is available in specific grades from 0.5 to 4.5% Zr content (Ref 6) . No Unified Numbering System number has been assigned to hafnium. ASTM B 776, "Standard Specification for Hafnium and Hafnium Alloy Strip, Sheet, and Plate" (Ref 7), includes chemistry requirements. Table 3 gives the chemical composition of three grades of hafnium.
Aqueous Corrosion Testing of Hafnium and Hafnium Alloys
It is not the purpose of this article to describe the recommended procedure for corrosion testing. Reactive-metals corrosion testing, specifically zirconium and hafnium, is, however, sufficiently different from stainless steels, nickel-base alloys, and more common materials of construction to warrant a few comments.
Testing procedure ASTM G 2, "Corrosion Testing of Products of Zirconium, Hafnium and Their Alloys in Water at 360 C (680 F) or Steam at 400 C (750 F)," is specifically directed at zirconium and hafnium and their alloys for use by the nuclear industry (Ref 8) . Different test methods are required for the commercial chemical processing industry. Reference 9 is specifically designed for testing of zirconium in commercial aqueous environments; hafnium would require the same guidelines. ASTM G 31, "Practice for Laboratory Immersion Corrosion Testing of Metals," may also be adapted for corrosion testing of hafnium. The subject of corrosion testing of reactive metals is also covered by Yau (Ref 10). Surface condition is more important with hafnium than with many other metals. In hydrochloric acid applications, for instance, a well-pickled surface is recommended. Pickling removes impurities, specifically embedded iron, from the surface and removes other surface imperfections where pitting may be initiated. Pickling hafnium requires a solution of 3 to 7% hydrofluoric acid (48% concentration) with 25 to 59% nitric acid (70% concentration) and the balance of water. Heat treatment for weldments may also be beneficial for corrosion resistance in specific applications. Heat treatments may be either a solution anneal requiring high temperatures or a stress anneal at lower temperatures. The choice of heat treatment depends on the specific environment and application.
For corrosion tests involving stress-corrosion or environmental cracking, such as tensile, Ubend, or C-ring specimens, consideration should be given to the anisotropy in hafnium. Specimen properties such as thermal expansion, yield strength, tensile elongation, and bend ductility depend on the orientation of mill products. Anisotropy is a characteristic of zirconium, titanium, and hafnium but not of niobium or tantalum. Table 2 gives examples of changes in mechanical properties between materials tested in the longitudinal and transverse directions.
Welding of reactive metals for corrosion samples also requires some care. Although commonly welded, hafnium and other reactive metals are very sensitive to contamination by oxygen, nitrogen, hydrogen, and carbon during the welding process.
Hafnium can be sensitive to minor impurities in corrosive environments. The presence of fluoride in low-pH solutions is particularly damaging to hafnium and other reactive metals. The data in Table 4 indicate the effect of fluoride in nitric acid solutions. Fluoride contamination can come from unexpected sources, such as boiling chips and the breakdown of some fluorinated polymers ( Ref 13) . Beyond this, oxidizers such as ferric ion (Fe 3þ ) in hydrochloric acid environments may pose a problem for the corrosion resistance of hafnium. Because of its high reactivity, hafnium will generally be the cathode in most galvanic couples. This will accelerate the corrosion of the anode component and allow hydrogen buildup in the cathode (hafnium) component of the cell. For this reason, care must be exercised in the use of dissimilar wire or bolting systems when placing hafnium coupons in multicoupon test racks. Any suspension system must be well insulated to get meaningful corrosion rates. The effect of impurities generated by corrosion of other metals contained on the test rack may affect the corrosion of hafnium. With few precautions, any standard test method and coupon configuration can be used or adapted for use with hafnium.
Aeration is not generally needed to passivate hafnium in aqueous environments. Hafnium forms a protective oxide film in the presence of even small amounts of water. The oxide film developed on hafnium also forms an effective barrier to erosion under normal conditions. For more abrasive conditions, a heat treatment at 566 C (1051 F) for 1 to 4 h in air may be helpful in reducing erosion.
Corrosion Resistance of Hafnium
In aqueous solutions, hafnium is soluble in hydrofluoric acid (HF) and concentrated sulfuric acid (H 2 SO 4 4). Data presented in the tables that should be considered only as a guide for potential applications. As with all materials, corrosion performance should be determined in situ in the actual process stream, because even small process impurities may have a profound impact on corrosion in a particular application. The corrosion resistance of hafnium in various media is given in Table 5 . Table 6 gives the corrosion behavior of hafnium in some mixed acid solutions. Because hafnium is not resistant to aqua regia, caution should be exercised when applying hafnium in mixed acids involving hydrochloric acid and nitric acid.
Corrosion in Specific Media
Water and Steam. Hafnium is superior to commercial zirconium (UNS R60702) and zircaloys (UNS R60804 and R60802), which are nuclear grades of zirconium, in corrosion resistance in water at elevated temperatures to 450 C (840 F). Table 7 gives weight gains in standard corrosion tests in water at 360 C (680 F) and 2690 psi (18.5 MPa).
Hydrochloric Acid. In hydrochloric acid, hafnium has slightly higher corrosion rates than zirconium. In 10 and 37% acid at 35 C (95 F), for instance, hafnium will experience corrosion rates of 0.007 and 0.033 mm/yr (0.3 and 1.3 mils/yr), respectively (Ref 11). Surface finish is an important factor to consider for corrosion resistance in hydrochloric acid environments. Surface impurities such as iron may have a substantial impact on pitting resistance.
Nitric Acid. Hafnium is resistant to all concentrations of nitric acid, including fuming nitric acid. Table 4 gives corrosion information for both welded and nonwelded materials. As with most solutions, the presence of fluoride ions in nitric acid will greatly increase the corrosion of hafnium.
Sulfuric acid is an environment where hafnium could see more use. Zirconium is a suitable material of construction for acid concentrations up to 70 to 75% at boiling temperatures. Above 80%, materials of construction that can be used include some stainless steels and carbon steels. In the range of 70 to 80% acid concentration, hafnium is more corrosion resistant than zirconium. Table 8 gives corrosion rates for other temperatures and concentrations of sulfuric acid. Table 9 gives data showing the effect of ferric ions on the corrosion of hafnium in various sulfuric acid concentrations.
Alkalis. Hafnium appears to have a very high resistance to corrosion by strong alkali solutions. Potassium hydroxide solutions do not attack hafnium until the concentration reaches 70 wt%, and then only at near-boiling temperatures. Sodium hydroxide is more aggressive toward hafnium. An upper limit appears to approximately 38% concentration at boiling temperatures. The presence of a weld does not appear to alter the corrosion resistance to a significant degree. Table 10 gives the corrosion resistance of hafnium in various alkali solutions.
Organics. The only reported corrosion information for hafnium in an organic solution is testing performed in acetic acid. No significant corrosion was reported at room temperature; the duration of testing was not given (Ref 14) .
Molten Metals. Hafnium is superior to zirconium and zircaloy in molten alkali metals. In lithium, zirconium is rated good to 300 C (570 F) and limited to 600 C (1110 F). In sodium at 500 C (930 F), hafnium is as resistant as stainless steel, the corrosion rate being 1.2 mg/cm 2 Áyr, or 0.001 mm/yr (0.04 mils/yr)
Gases. Hafnium begins to react slowly with air or oxygen to form hafnium oxide at approximately 400 C (750 F), with nitrogen to form nitrides at approximately 900 C (1650 F), and rapidly with hydrogen at approximately 700 C (1290 F) to form hydrides. Hydrogen can be readily removed from hafnium by heating in a vacuum at 900 C (1650 F). The oxides and nitrides formed at these elevated temperatures tend to remain at the surfaces; however, hydrogen diffuses rapidly and forms hydrides throughout the metal. Oxides, nitrides, and hydrides all lead to impaired ductility. Hafnium (containing 2.5 wt% Zr) has a high reaction rate with nitrogen but less than that for titanium and zirconium (Ref 11) . Hafnium reacts with carbon at 4500 C (930 F) (Ref 5). At elevated temperatures, hafnium will react with boron, sulfur, and silicon, while halogens react directly to form tetrahalides. As a comparison, hafnium, at 740 C (1360 F), reacts with air at approximately the same rate as zirconium but at one-half the rate of zirconium at 900 C (1650 F) (Ref 11). 
Forms of Corrosion
Galvanic Corrosion. Hafnium is a very noble (cathodic) metal, probably similar in ranking to silver and zirconium on the galvanic series for seawater. With few exceptions, when hafnium is galvanically coupled with another metal, the other metal will become the anode and suffer an increase in corrosion as a result of the couple. Although the corrosion rate of hafnium will remain low, its mechanical properties can suffer from hydrogen pickup as a result of the couple with the less noble metal.
Crevice Corrosion. Hafnium appears to be resistant to crevice corrosion in saturated sodium chloride solutions. Table 5 indicates a limited tendency for pitting attack in other saturated chloride solutions and as a result of exposure to other halide salts.
Pitting Corrosion. Hafnium appears to be resistant to pitting in a wide variety of solution compositions. Pitting appears to be limited to hydrobromic acid (Table 5 ) and to high concentrations of sulfuric acid containing additions of ferric ion ( Table 9 ).
Corrosion of Hafnium Alloys
Hafnium-Zirconium Alloys. The hafniumzirconium system is one of the few metallic systems in which thermochemical properties are almost ideal. That is, hafnium and zirconium can form isomorphous alloys for all ratios of the components. Moreover, hafnium and zirconium exhibit similar excellent corrosion-resistant properties, although they differ greatly in neutron absorption. Therefore, hafnium-zirconium alloys offer a broad range of neutron absorption for special applications in which corrosion resistance and neutron absorption are both important.
Hafnium alloys with 2.9, 17.3, 42.4, 59.5, and 81.4% Zr were evaluated for their corrosion resistance in various media. All of the alloys exhibited low corrosion rates (50.0025 mm/yr, or 0.1 mil/yr) in the following boiling solutions: 30% HNO 3 with or without 19% NaCl, 50% HNO 3 with or without 1% NaCl, and 70% HNO 3 with or without 1% NaCl. Transverse-cut Ubend specimens of these alloys were tested in 90% HNO 3 at room temperature for 60 days. No cracking was observed.
The pitting resistance of these alloys was evaluated in boiling 20% HCl containing 200 ppm Fe 3 þ (as FeCl 3 ) and in chlorine-gassaturated water. Test results are given in Tables 11 and 12 . Although all alloys showed some pitting in these oxidizing chloride solutions, Hf-59.5Zr appeared to have the highest pitting resistance.
Hafnium-Tantalum Alloys. All hafniumtantalum alloys tested exhibit no significant corrosion in boiling j70% nitric acid with or without 1% sodium chloride (Table 13 ). The tensile strength of hafnium-tantalum alloys increases with increasing tantalum concentration. Average tensile strengths of hafnium, Hf-1Ta, Hf-3Ta, and Hf-5Ta are 480, 520, 560, and 690 MPa (70, 75, 81, and 100 ksi), respectively (Ref 17).
Applications
The limited availability of hafnium leaves very little material for uses other than nuclear applications and as an alloying element. Hafnium is also used in several niobium-and tantalum-base alloys to increase strength at high temperature. The niobium-base alloys are C-103 (Nb-10Hf-1Ti) and C-129Y (Nb-10Hf-0.07Y). These alloys are used in turbojet and rocket engine parts. Alloys such as WC-3015 (Nb-30Hf-1.5Zr-15W) and WC-3009 (Nb-30Hf-1.5Zr-9W) are used in applications requiring high-temperature strength and oxidation resistance. Hafnium provides dispersed particle strengthening and solid-solution strengthening in niobium-base alloys (Ref 4) . Tantalum-base alloys also use hafnium as an important alloying element. Alloys T-111 (Ta-8W-2Hf-0.003C), T-222 (Ta-9.6W-2.4Hf-0.012C), and Astar 811-C (Ta-8W-1Re-1Hf-0.25C) are used to make honeycomb-type heat shields for use in re-entry vehicles and for fasteners for high-temperature conditions. Hafnium is also an important addition to certain titanium, tungsten, and molybdenum alloys where, along with carbon, it forms second-phase dispersions.
Nuclear. The second major use of hafnium is in control rods for nuclear reactors. Hafnium is used in pressurized light water reactors used primarily to power naval vessels (Ref 5). The combination of excellent hot water corrosion resistance, good ductility, and good machinability, along with a large neutron absorption cross section, makes hafnium ideal for this application. Hafnium has been proposed as separator sheets to allow closer spacing of spent nuclear fuel rods in interim holding ponds, because of it superior neutron absorption capabilities (Ref 5). Hafnium absorbs both thermal Corrosion of Hafnium and Hafnium Alloys / 5 and epithermal neutrons, and its absorption cross section decreases only slowly after long periods of neutron irradiation. The combination of high corrosion resistance in nitric acid and high neutron absorption cross section allows hafnium to be used in spent fuel reprocessing plants that utilize nitric acid. The unique properties of hafnium help avoid criticality in this application (Ref 17) . Chemical Processing Industry. While hafnium has good corrosion resistance, zirconium has similar corrosion properties, costs less, is approximately half as dense, and is more available.
Other uses for hafnium are in the production of specialty chemicals, including borides, tetrahydridoborates, carbides, halides, nitrides, hydrides, sulfides, carbonates, acetates, and oxides. These are discussed in detail by Nielsen (Ref 5) . It is also used in plasma arc metalcutting tips, high-temperature ceramics, tool bits, and sputtering targets.
